Introduction
Precision livestock farming is an innovative and integrated production approach which is based on the utilization of advanced technologies and up-to-date scientific knowledge on animal sciences (Berckmans, 2004) with the objective of optimizing animal production and the management of the productive processes (Groot Koerkamp et al., 2007) by controlling the variability that exists among farm animals (van Milgen et al., 2012; Wathes et al., 2008) . A relevant contribution in this regard is the development of precision feeding systems (Niemi, 2006; Pomar et al., 2009b; Pomar and Pomar, 2012) . Precision feeding lays the groundwork for addressing key issues in today intensive livestock farming, which are: (1) reducing feeding cost by improving feed and nutrient efficiencies, (2) improving production system sustainability by increasing profitability and reducing production footprints and (3) increasing food safety through traceability.
In group fed pigs, precision feeding requires defining feeding programs that closely meets but without excess, the nutrient requirements of the group (Patience, 1996) . Since in young pigs their appetite (i.e., in kg of feed/d) increases faster than their daily nutrient requirements (i.e., g/d), the optimal dietary concentration of nutrients (i.e., in g/kg of feed) progressively decreases during the growing period (NRC, 2012) . Indeed, nutrient efficiency can be improved by the concomitant adjustment of the dietary concentration of nutrients to the estimated requirements of the herd (Bourdon et al., 1995) using multi-phase feeding systems (Letourneau Montminy et al., 2005) . However, the requirements of the individuals within a herd show large variation (Pomar et al., 2003; Brossard et al., 2009) and therefore, feeding pigs with daily tailored diets using individual precision feeding techniques may be an effective approach for improving feed and nutrient efficiencies, and reducing feeding costs and the excess of the most economically and environmentally detrimental nutrients . However, the proper implementation of precision feeding in livestock production systems is challenged by the reliability of the numerical methods estimating in real-time each individual nutrient requirements, the devices collecting real-time information from the farm and the individual animals, and the feeder device that provides to each pig within the herd with the right feed, with the right amount at the right time. The objective of this chapter is to describe the key elements for precision feeding with especial emphasis in the real-time estimation of nutrient requirements in growing-finishing pigs. Preliminary experimental results comparing individual precision feeding with conventional group feeding systems are also presented.
Precision feeding
Feed cost is by far the greatest input cost in pork production (65%) and improving feed efficiency has great impact on farm profitability. In growing-finishing pig operations, feeding programs are proposed to optimize population responses at minimal feed costs. However, nutrient requirements vary greatly among the pigs of a given population (Brossard et al., 2009; Pomar et al., 2003; Quiniou et al., 2013; Vautier et al., 2013) and for each pig these requirements change over time following individual patterns . In order to optimize population responses, nutrients are provided in farms at levels that satisfy the requirements of the most demanding pigs and therefore, most of the pigs receive more nutrients than they really need to express their growth potential . This is because for most nutrients, underfeed pigs will exhibit reduced growth performance while the overfeed ones will exhibit near optimal performance. Providing growing animals with excess nutrients to avoid reducing herd performance has become a common, if not a universal practice in commercial swine operations. The use of this safety margins has to be seen as an admission of our inability to precisely estimate the animal's nutritional requirements and the factors that may modulate them (Patience, 1996) . Nonetheless, in the context of feeding populations of pigs, nutrient requirements should be seen as the balance between the proportion of pigs that are going to be overfeed and underfeed (Brossard et al., 2009; Hauschild et al., 2010) , acknowledging that this proportion will change within each feeding period.
Precision farming or precision agriculture is an agricultural management concept that relies on the existence of in-field variability. Precision feeding is based on the fact that animals within a herd differ from each other in terms of age, weight and production potential and therefore, each pig has different nutrient requirements. The precision feeding concept herein proposed is applied to individual animals and concerns the use of feeding techniques that provide each day to each pig of the herd with a diet that contains the optimal concentration of nutrients. To provide these daily and individually tailored diets, precision feeding needs to include the following essential elements (Pomar et al., 2009b) :
• the precise evaluation of the nutritional potential of feed ingredients, • the real-time determination of individual nutrient requirements, • the formulation of balanced diets limiting the amount of excess nutrients, and • the concomitant adjustment of the dietary supply of nutrients that will match the evaluated requirements of each individual within of the herd.
New developments in the real-time determination of nutriment requirements along with some preliminary results comparing individual precision feeding with conventional group feeding systems are described in the following sections.
Estimating nutrient requirements in growing animals
Body growth results from the net synthesis of muscle, adipose tissue, bone, hair, skin and other body components and depends on an adequate supply of energy, amino acids, minerals, vitamins and water which are essential nutrients used by producing animals for body maintenance, growth, reproduction and lactation. Growing pigs must be provided with these essential nutrients in adequate amounts and in forms that are palatable and efficiently utilized for optimal growth (NRC, 1998) . These nutrients are provided by feed ingredients which nutritive value is estimated based on its nutritive composition, digestibility, metabolic availability, metabolic fate taking into consideration the addition of enzymes, feed physical treatments and other factors (Noblet and van Milgen, 2004; NRC, 2012; Stein et al., 2007) . The precise evaluation of the nutritional potential of feed ingredients is an essential element for livestock precision feeding.
For specific nutrients (e.g., essential amino acids), and when all other nutrients are provided at adequate levels, nutrient requirements can be defined as the amount of nutrients needed for specified production purposes, which in farm animals are production outputs such as growth rate, protein deposition, milk yield, etc. (Fuller, 2004) . Depending on the production purpose and the nutrient, this required nutrient amount can be considered as the minimum amount that, when all other nutrients are given at adequate levels, will prevent signs of deficiency and allow the animal to perform its needed functions in a normal manner. Nutrient requirements are modulated by factors that are related to the animal (e.g., genetic potential, age, weight and sex), the feed (e.g., nutrient composition, digestibility and antinutritional factors) and the environment (e.g., temperature and space allowance) (Noblet and Quiniou, 1999) and they are estimated for a given animal at a given point in time as the sum of the requirements for maintenance and production. When applied to pig populations however, the requirements for a nutrient should rather be defined as the amount needed for specified production purposes such as optimal growth rate, protein deposition, feed efficiency, etc. . That is, the concept of nutrient requirements when applied to populations should be considered in the context of nutrients provided to heterogeneous populations over long periods of time (Ferguson et al., 1997; Knap, 2000; Leclercq and Beaumont, 2000; Pomar et al., 2003; Vautier et al., 2013) . Individual animal's response to dietary nutrient levels may differ in magnitude and pattern from the response of a population (Pomar et al., 2003) and as indicated before, population nutrient requirements should be seen as the desired balance between the proportion of pigs that are going to be overfeed and underfeed acknowledging that this proportion will change overtime.
In practice, there are two methods used to estimate the nutrient requirements of domestic growing animals which are the empirical and the factorial methods (Patience et al., 1995) . In the empirical method, nutrient requirements are estimated by feeding groups of pigs with increasing levels of the nutrient under evaluation and measuring one or several sets of performance parameters (e.g., growth rate) during given time intervals. In this empirical method, the nutrient level at which the optimal population response is observed within a given growing period is identified as the population requirement for this nutrient and for this growing interval. This population response may be biological, technical, economic and/or environmental in nature (Jean dit Bailleul et al., 2000) but using different response criteria may also suggest different nutrient requirement estimations (Baker, 1986) . For example, Hauschild et al. (2010) found by simulating the growth of a population of growing-finishing pigs that optimal lysine (Lys) to net energy (NE) ratio (Lys/NE ratio) for average daily gain (ADG) was 9%, 6% and 3% higher than the optimal Lys/NE ratio for feed conversion ratio (FCR), respectively in the 3 feeding phases simulated between 25 and 105 kg of live body weight (BW). In fact, feed intake and daily gain (DG) evolved differently in response to changes in Lys/NE, this explaining why FCR and ADG do not necessarily reach to the same Lys/NE optimal value. The results of Hauschild et al (2010) indicate that the amount of Lys required for optimal FCR of a given population can be lower than the amount of Lys required for maximal ADG, this in agreement with other studies (Main et al., 2008; O'Connell et al., 2005) . Nutrient requirements estimated with the empirical method result from the response of each individual animal within the herd, which is affected by each pig genetic potential and nutritional background in interaction with the population growing conditions, the interval during which pigs are evaluated, and the criterion used to estimate optimal population responses.
Besides the diversity of the responses of the pigs raised in groups, the statistical model used to establish this population optimal response with the empirical method should be considered. The linear-plateau is frequently the preferred model for representing the responses of animals to graded levels of limiting nutrients (Baker, 1986; Hauschild et al., 2010) . Although this model may provide adequate statistical fit, it tends to underestimate optimal nutrient requirement levels since it does not take into account the physiological differences that exist between the individuals in a population (Remmenga et al., 1997) . In this respect, the model may not be suitable because it does not consider the curvilinear nature of the response of a population to graded levels of a limiting nutrient (Pomar et al., 2003) . A curvilinearplateau model has been recommended for describing the curvilinear nature of the responses of heterogeneous populations (Baker et al., 2002; Pomar et al., 2003; Simongiovanni et al., 2011) . In this type of models, the optimum nutrient level is attributed to the intersection between the curvilinear function and the plateau. From that point onward, increases in the ingestion of the limiting nutrient are assumed not to have any effect on population responses. Furthermore, maximal ADG or minimal FCR may not necessarily result in maximum economic return. This is due to the fact that population responses to increasing levels of limiting nutrients (i.e., Lys) progressively decline as the limiting nutrient approaches the plateau level. Because Lys-or protein-rich diets are more expensive than low-Lys or lowprotein diets, marginal economic returns can be expected to decrease faster than Lys marginal efficiency .
Determination of nutrient requirements or optimal nutrient levels are therefore difficult to obtain due to the curvilinear nature of population responses and to the progressive decrease in the marginal efficiency of the limiting nutrients observed in animals (Bikker et al., 1994; O'Connell et al., 2005) or in simulation studies (Brossard et al., 2009; Hauschild et al., 2010; Pomar et al., 2003) . Variability among the animals of a given population significantly contribute to the decrease in nutrient efficiency over varying nutrient levels (Curnow, 1973) , independently of animal variation arising from genetic (Knap, 2000; Knap and Jorgensen, 2000; Pomar et al., 2003) , environmental or animal management sources (Wellock et al., 2004) . Furthermore, Pomar et al. (2003) demonstrated that increasing the time over which animal responses are measured increases the curvilinearity of the responses, which also contributes to the curvilinear nature of marginal nutrient efficiencies. Nonetheless, the empirical approach can be used to determine the optimal amounts of nutrients that need to be provided to populations to optimize production efficiencies from animal, economic or environmental perspectives. Any attempt to extrapolate these findings to other production situations calls for caution (Baker, 1986; Hauschild et al., 2010; Pomar et al., 2003) .
In the factorial method, however, daily requirements are estimated as the sum of the requirements for maintenance and production (Fuller and Chamberlain, 1982) . These requirements are estimated for each nutrient or its precursor and take into account the efficiency with which each nutrient is used for each metabolic function (van Milgen and Noblet, 2003) . For a given growing period, requirements are assumed to be the amount of the given limiting nutrient that will allow the animal to perform its needed functions in a normal manner and thus, without limiting growth. For example, as performed by Cloutier et al. (2013) , maintenance Lys requirements can be estimated adding the basal endogenous losses (0.313 g Lys/kg DM × daily feed intake), losses related to desquamation in the digestive tract ( ; van Milgen et al., 2008) . The requirements of Lys for growth can be estimated assuming 16% protein in daily gain (de Lange et al., 2003) , 7% Lys in protein gain (Mahan and Shields, 1998) , and 72% Lys retention efficiency (Mohn et al., 2000) . Lys requirements estimated with the factorial method as implemented in this example are driven by BW (Lys basal endogenous, desquamation, protein renewal losses), BW gain (Lys retention) and to a lesser extent, by feed intake (basal endogenous losses). Because pigs within a population differ in terms of BW and growth potential, each pig has its own requirement and this requirement evolves overtime according to each pig own pattern of feed intake and growth. When the factorial method is used to estimate the nutrient requirements of a population of animals, it is common practice to use the average pig to represent the population. However, care has to be made with this assumption since using the average pig to feed the population implies that half of the population will be overfeed while the other half will be underfeed (Brossard et al., 2009; Hauschild et al., 2010) , this leading to undesired population performance. Furthermore, unlike the empirical method, the factorial method estimates nutritional requirements using information from one individual at one specific point in time. Thus, changes that occur during the growing interval under study are not evaluated. However, when the objective is to maximize animal performance, maximum requirements normally appear at the beginning of each feeding phase (Brossard et al., 2009) . Variation between animals in the estimated requirements for maintenance and growth and in the metabolic nutrient efficiencies cannot easily be considered given the limited knowledge available in relation to the factors that can modulate these requirements and efficiencies.
Ultimately, both methods of estimating nutrient requirements are based on experimental results from trials studying the relationship between nutrient intakes and animal responses. In the empirical method, this relationship is used to estimate the optimal response to varying nutrient levels of a population of animals showing some degree of heterogeneity. In contrast, the factorial method estimates, for a unique animal at one specific growing state, the requirement for expressing the full growth potential. Thus, when the factorial method is used to estimate the requirements of a given population, the chosen individual should be the best representative of the population (Pomar et al., 2003; Hauschild et al., 2010) . The empirical method estimates optimal nutrient allowances from a population perspective, whereas the factorial method addresses the needs of one reference animal during a very short period, normally one day. The relationship between the empirical and factorial methods is difficult to establish and is affected by many factors related to the animal, the growth state and population heterogeneity. For instance, Hauschild et al. (2010) found that maximum ADG was reached in 25-50 kg BW pigs with a Lys/NE ratio 12% higher than the requirement of the average pig estimated by the factorial method (Figure 1 ). This estimation corresponded to an animal whose requirement for this nutrient was in the 82 nd percentile of the population. For the FCR however, the empirical estimates corresponded to those for a pig in the 58 th percentile of the population (figure 2). These results cannot, however, be generalized as the difference between the factorial method and the empirical method can be expected to increase with the level of heterogeneity of the population (Pomar et al., 2003) . Cumulative distribution of requirements estimated by the factorial method (○) and effect of different lysine-to-net energy (Lys:NE) ratios on weight gain estimated by the empirical method (▬) for a live-weight interval from 24 to 54 kg (from Hauschild et al., 2010) .
One of the problems in evaluating the empirical and the factorial requirements for optimizing population responses lies on the difficulty of integrating the main factors implicated in animal responses. Variation among animals, which is an important factor modulating population responses, is rarely taken into account. The importance of considering variability among animals in evaluations of biological responses and in nutritional programs has been demonstrated in recent years (Brossard et al., 2009; Main et al., 2008; Pomar et al., 2003; Vautier et al., 2013) . Between-animal variation shapes population responses and, therefore, the overall efficiency of nutrient utilization (Pomar et al., 2003) and optimal nutrient levels (Brossard et al., 2009; Leclercq and Beaumont, 2000; Pomar et al., 2003) .
Mechanistic mathematical models that implement the factorial approach are proposed in an attempt to represent the complexity of animal responses and the numerous factors modulating them. These models have been developed to simulate the growth of single pig (Birkett and de Lange, 2001; Black et al., 1986; Moughan et al., 1987; NRC, 2012; Pomar et al., 1991; van Milgen et al., 2008; Whittemore and Fawcett, 1976) or a group of pigs (Brossard et al., 2009; Ferguson, 2008; Ferguson et al., 1997; Knap, 1999; Pomar et al., 2003; Vautier et al., 2013; Wellock et al., 2004) . These models must, however, be properly calibrated, a priori, using data collected from bygone reference populations to allow accurate estimates of the nutrient amounts that will optimize animal performance while minimizing nutrient excesses and excretion. These models can take into account the interactions between the nutrients and the animal and thus in contrast with conventional systems giving fixed tabulated "values-needs". These models are however challenged by the difficulty of identifying the right reference population for its calibration, the inadequacy of most of these models to represent population heterogeneity and the fact that animals from actual populations may follow different feed intake and growth patterns than the ones observed in the reference population. Therefore, model users have to be very careful to identify any differences that may exist between the reference and the target populations as well as any changes in the evolution of this target population during growth. Furthermore, these methods optimize population responses when pigs are fed with a unique feed during given periods.
Real-time estimation of individual pig nutrient requirements
The procedure presented in this section has been described in detail elsewhere and was implemented in the form of a mathematical model estimating daily amino acid requirements and their optimal dietary concentrations for each individual growing-finishing animal in the herd according to its actual BW and actual growth and feed intake patterns. This model follows the "grey-box model" approach (Roush, 2006) which results from the combination of a "black-box" (empirical) and a "knowledge-based" (mechanistic, i.e., factorial) component (Figure 3) . The empirical component of the model is used to estimate the starting-day (t+1) daily feed intake (DFI), BW and DG from the information measured in each individual animal up to the current day (t). The objective of this approach is to follow in real-time the dynamic DFI and BW trajectories of each pig from the herd. Short-term variation over time and temporary drops in performance are not taken into account in this model. For this, forecasting methods using exponential smoothing techniques, which weigh recent and past observations in different ways, are appropriate because they reduce the fluctuations from irregular observations in the observed time series (Claycombe and Sullivan, 1977) . The double exponential smoothing forecasting time series method was chosen in this model because DFI and BW of pig populations show evident long-run trends and because this method can work with limited number of observations. The double exponential forecasting equation, which produces an і-period-ahead forecast at time t was evaluated for individual using individual DFI and WT data collected from nine performance tests (2,406 pigs) at the CDPQ Experimental Station in Deschambault (Québec, Canada) and more recently calibrated (Rivest et al., 2012) . Optimal concentration in the diet g/kg
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The mechanistic component of the model is used to estimate starting-day nutrient requirements and optimal dietary amino acid concentrations for each pig in the herd based on starting-day expected DFI (or NE intake), BW, and DG information previously estimated by the empirical model component. Daily protein deposition (PD) is assumed to be a given proportion of DG (PD/DG), this proportion evolved overtime according to a function calculated from trials that were held at Lennoxville's research farm (Rivest et al., 2013, unpublished results) . In this mechanistic model component, BW, DFI, and DG are the driving variables used in a factorial procedure estimating the amino acid requirements (g/d) of each individual animal using the relationships described by Cloutier et al. (2013) and previously presented in this manuscript. The optimal concentration of these amino acids (g/NE) that should be provided in its daily individually tailored diet is then calculated by dividing the sum of the maintenance and growth requirements by the expected NE intake. At this point in time, other nutrient requirements, including minerals or vitamins, are not yet explicitly estimated in the described model.
Thus, the empirical model component uses each pig up-to-date data to estimate startingday expected DFI, BW, and DG while these forecasted values are then used by the mechanistic model component to estimate the standardized ileal digestible lysine (SID Lys) and other amino acid requirements, as well as the optimal concentration of these nutrients in the feed for the starting day. An initial evaluation of the model was completed with data from a study that investigated the effect of feeding pigs with a 3-phase or daily-multiphase system. The mechanistic model component estimated the optimal SID Lys to NE ratio with reasonable between animal (average CV = 7%) and overtime (average CV = 14%) variation. Thus, the amino acid requirements estimated by the model are animal-and time-dependent and follow, in real-time, the individual DFI and BW growth patterns. It was concluded that the proposed model can follow the DFI and BW trajectories of each individual pig in real-time with good accuracy . Based on these trajectories and using classical factorial equations, the model estimates dynamically the amino acid requirements of each individual animal. The factorial method was calibrated in 2 animal trials (Cloutier et al., 2013; Zhang et al., 2011; Zhang et al., 2012) and the overall approach of estimating real-time amino acid requirements was challenged in two validation trials (Andretta et al., 2013; unpublished results) . This model has recently been updated (Rivest et al., 2012; Rivest et al., 2013, unpublished results) and will soon evaluated in commercial conditions.
First calibration trial.
The mechanistic component of the mathematical model estimating in real-time the individual Lys requirement was calibrated with growing (from 25 to 55 kg of BW) and finishing (from 70 to 100 kg of BW) pigs. For this calibration trial, 4 experimental diets were mixed daily at different proportions to provide each pig with a diet containing 60, 70, 80, 90, 100 or 110% of the estimated Lys requirements while maintaining adequate levels of all other nutrients. The 4 diets were formulated on NE and apparent ileal digestible (AID) of amino acids basis. Diets A 1 and A 2 as well as B 1 and B 2 only differed in the level of added crystalline Lys and were all formulated to have a minimum of 10 MJ of NE per kg of feed. Feed A 1 was formulated to satisfy the requirements of the most demanding pigs at the beginning of the first growing period and B 1 those of the less demanding pigs at the end of the last growing period (NRC, 1998). Feeds A 2 and B 2 contained respectively the same amount of nutrients than A 1 and B 1 with the exception of the AID Lys which concentration was reduced by 60%. Dietary P and Ca requirements were estimated according to (Jondreville and Dourmad, 2005) . Microbial phytase (500 FTU/kg, Aspergilus Niger, Natuphos) was added to all feeds in which the Ca:P ratio was maintained constant. Feeds were steam-pelleted at 4 mm. The 4 feeds were blended daily to each pig to constitute the experimental diets.
Sixty pigs were assigned to treatments at 25 kg of BW (group 25-55) and 60 others at 70 kg of BW (group 70-100). Pigs were housed in groups of 60 but fed individually using automatic and intelligent precision feeders (AIPF) especially developed for this project (Pomar et al., 2009a; Pomar et al., 2011) and able to provide to each pig at each visit the estimated mix of the 4 experimental diets. These AIPFs' consisted of a single space feeder in which precision archimedes' screw conveyors deliver and blend simultaneously volumetric amounts of up to 4 diets contained in independent feed containers. To this end, the AIPF identified each pig when their head was introduced into the feeder and the feeds were blended and delivered upon the animal request according to the estimated optimal Lys concentration and assigned experimental treatment. A serving is composed of the amount of feed delivered upon each effective serving request. A time lag was imposed to ensure that pigs eat each serving before requesting a new one. Serving size was progressively increased during the experiment and ranged between 15 and 25 g. A meal includes all the servings delivered during each feeder visit. Pigs tend to leave the feeder hopper empty or very small amounts of feed after each visit, this ensuring that each pig received the assigned amount of blended feed. Feed density was measured weekly and this information used to convert feed volumes to feed weights. Pigs had free access to the AIPFs and water all over the experiment. Feeding phases lasted for 28 d for a total experimental length of 84 d. Pigs were weighed weekly in both trials and their body composition measured at the beginning of each feeding phase and at the end of the trials by dual X-ray densitometry (DXA, GE Lunar Prodigy Advance, GE Healthcare).
In the 25-55 kg of BW pig-group, the level of Lys did not affect average DFI (ADFI), but in the 70-100 group, ADFI showed a quadratic response (Lin: P = 0.04, Quad: P = 0.04) with maximal values observed in pigs fed 10% below requirements. The ADG and average PD (APD) increased linearly (Lin: P < 0.01) with the level of dietary Lys. In the first group, however, ADG and APD increased linearly (Lin: P < 0.01) although maximal ADG (1.00 kg/d) and APD (174 g/d) were observed in animals fed according to their requirements (100%). Similar linear effects (Lin: P < 0.01) were observed for the second group with maximal ADG (1.19 kg/d) and APD (185 g/d) reached with diets providing 110% of estimated Lys requirements. The factorial method used in this study to estimate the dynamic Lys requirements of individual pigs seemed appropriate for pigs fed between 25 to 55 kg of BW, but it appeared to underestimate the requirements of heavier pigs. The detailed results of this trial had been described elsewhere (Zhang et al., 2011; Zhang et al., 2012) .
Second calibration trial. The objective of this second calibration trial was to validate the mechanistic component of the mathematical model estimating in real-time the individual Lys requirements after adjustment from previous results. For this purpose, 75 castrated pigs (G Performer 8.0 × Fertilis 25, Génétiporc inc., Canada) corresponding to a terminal genetic line and 72 castrated (Fertilis 25) pigs corresponding to a maternal genetic line were used for this study. This trial consisted of two 28 d experimental phases, one beginning at 25.8 ± 2.5 kg live weight and the other at 73.3 ± 5.2 kg live weight. The treatments were randomly assigned to the pigs according to a 2 × 4 factorial design with the two genetic lines and the four Lys levels (70%, 85%, 100%, and 115% of requirements) as the factors. Feeds were prepared, the animals cared and fed and DFI, BW and DXA body composition measurements taken as indicated in the previous trial. From 25 to 50 kg of BW, the amino acid estimation method lightly underestimated the pigs' Lys requirements, given that maximal APD and ADG were achieved at 115% of Lys requirements. In terms of feed efficiency, optimum performance seemed to be achieved at a lower Lys level. From 70 to 100 kg, the method adequately estimated the pigs' requirements, given that optimum performance was achieved at 100% of Lys requirements. The two genetic lines did not differ significantly in terms of ADG, APD, protein or fat lipid masses and therefore, the ability of the proposed method of estimating requirements to automatically take into account the composition of the gain could not be evaluated. The detailed results of this trial had been (Cloutier et al., 2013) or will be published (Cloutier et al., 2013, unpublished data) elsewhere.
The impact of feeding individual pigs using precision feeding techniques
The impact of moving from a conventional 3-phase feeding program to the precision feeding system on animal performance, nutrient utilization and feed cost in growing-finishing operations was evaluated in two recent studies (Andretta et al., 2013, unpublished results) completed at the Dairy and Swine Research and Development Centre of Agriculture and AgriFood Canada at Sherbrooke, Québec. For this purpose, five automatic feeders similar to those described in the previous experiments were used to feed the pigs during the two 84 d experimental periods herein described.
Two diets (named A and B) were formulated without additives. The diets differed from each other by the concentration of nutrients, being diet A a high nutrient concentration diet formulated to satisfy the requirements of the most demanding pig at the beginning of the growing period and diet B a low nutrient concentration diet formulated to satisfy the requirements of the least demanding pig at the end of the growing period. These two diets were formulated independently as complete feeds 3 although significant feed cost reductions (>1.2%) can be obtained by formulating these feeds simultaneously, letting them to be complementary rather than complete feeds, with the objective of minimizing the cost of the consumed feed ($/pig) rather than the cost per kilogram of the formulated feed ($/kg) (Joannopoulos, 2012; Joannopoulos et al., 2013) .
In the first trial evaluating the impact of feeding pigs individually with daily tailored diets (named AIPF I), 60 barrows with an average initial BW of 41.2 ± 3.9 kg were randomly assigned to the 4 following treatments,
• tailored 3-phase feeding program (3P) providing within each phase a fixed blend of diets A and B calculated at the beginning of each feeding phase to satisfy the Lys requirement of the 80 th percentile pig of this treatment group as suggested by Hauschild et al. (2010) . The level of Lys given during the entire feeding-phase was estimated during the first 3 days of each phase.
• commercial 3-phase feeding program (COM) in which pigs were fed with complete diets formulated according to local industry standards,
• daily-phase group feeding (MPG) in which all pigs of this treatment group received the same blend calculated at the beginning of each day to satisfy the Lys requirement of the 80 th percentile pig of this group,
• individually tailored daily-phase feeding (MPI) in which pigs were fed with a blend of diets A and B satisfying the Lys requirements as described for precision feeding systems earlier in this document.
In a second trial (named AIPF II), 70 pigs (35 females and 35 barrows) with an average initial BW of 30.4 ± 2.2 kg were assigned to 5 dietary treatments as follows,
• 3-phase feeding program (3P) similar to the equivalent treatment of AIPF I trial and,
• four individually tailored daily-phase feeding programs in which pigs were served with blends of A and B diets providing 110% (MPI110), 100% (MPI100), 90% (MPI90) or 80% (MPI80) of the estimated Lys requirements. The MPI100 treatment of this AIPF II trial is then equivalent to the MPI treatment of the previous (AIPF I) trial.
All the pigs in each trial were logged in the same pen but fed individually as described in previous experiments. Feeding phases lasted for 28 d for a total experimental length of 84 d. Pigs were weighed weekly in both trials and their DXA body composition measured at the beginning of each feeding phase and at the end of the trials. Feed costs were calculated using recent feed ingredients prices of Québec, Canada, conditions.
Pigs fed with the COM diets did eat less feed (P < 0.05) and had lower FCR (P < 0.05) than the 3 others tailored treatment groups (Table 1) , which may be related to the variation on nutrient and ingredient compositions of the diets. The ADG and FCR interactions observed between treatments and feeding phases resulted from the performance differences observed between COM and the other experimental groups. Performance data of 3P pigs showed however larger dispersion than MPI pigs (data not shown). Feeding pigs individually with daily tailored diets (MPI) in the first validation trial did not affect ADG, FCR, APD or final BW in relation to the 2 other tailored treatment groups (3P and MPG). 2 Effects of treatment, period and interaction were considered in the analysis. Period was significant (P < 0.01) for all variables. Interaction period*treatment was significant for ADFI (P < 0.01), ADG (P < 0.01) and FCR (P < 0.05).
3 Means within lines followed by different letters are significantly different (P < 0.05).
The sex by treatment interaction was not significant for any of the variables studied in the second validation trial (AIPF II, table 2) and therefore, only the across sex pooled values are presented in this document. In this trial, FCR was not affected by treatments and ADFI, ADG and final BW of the MPI100 treatment pigs was not different from the ones observed in the 3P reference treatment group. The model used to estimate individual Lys requirements seems to be properly calibrated since feeding pigs at 80% Lys requirements decreased ADG and APD in relation to MPI100 and 3P pigs (P < 0.05); pigs fed at 90% showed intermediate results between these 2 later treatment groups. 2 Effects of treatment, period, sex and interactions were considered in the analysis. Period was significant (P < 0.01) for all variables. Sex was significant for ADFI (P < 0.01), APD (P < 0.05) and BW (P < 0.01). Interaction period*treatment was significant for BW (P < 0.01). Interaction period*sex was significant for ADFI and BW (P < 0.01). Interactions treatment*sex and treatment*sex*period were not significant for all variables.
In the first validation trial, average SID Lys concentrations in 3P diets were of 1.05, 0.73 and 0.64% during feeding phases 1 to 3, respectively. The SID Lys concentration given during the 1 st week of each feeding-phase may slightly differ from the rest of the phase because Lys concentration was estimated during the 3 first days of the feeding phase ( Figure  4) . Similar results were obtained in AIPF II (results not shown). Nonetheless, moving from 3P group-feeding to individual precision feeding (MPI) allowed reducing average SID Lys concentration in diets by 31% in the first phase, by 29% in the second phase and by 20% in the third phase. The MPG pigs ate in average 10% less crude protein (P<0.05) and 17% less SID Lys (P<0.05, Table 3 ) than the 3P pigs. Overall, the amount of SID Lys consumed per unit of retained protein was reduced by 24% in MPI when compared to 3P pigs which is in agreement with values estimated earlier by simulation . Average nitrogen retention was not affected by feeding treatments applied in the first validation trial indicating that in all cases pigs were fed to or near requirements (Table 3) . Similar results were obtained for treatments 3P, MPI110, MPI100 and MPI90 of the second validation trial (results not shown). However, in relation to 3P pigs, the estimated excretion of nitrogen was reduced (P < 0.05) by 12% in MPG and by 22% in MPI pigs. This reduction is lower than the 39% estimated by Pomar et al. (2010) Effects of treatment, period and interaction were considered in the statistical analysis. Period was significant (P < 0.01) for all variables. The interaction period*treatment was significant (P < 0.05) for crude protein intake, SID Lys intake, protein intake/ADG and nitrogen excretion.
In relation to the 3P conventional system, feeding pigs with daily individual tailored diets allowed reducing (P < 0.05) total feed cost by $6.9/pig in the first validation trial and by $7.6/pig in the second one. Likewise, feed cost per kg of BW gain was of $0.92, $0.90 and $0.85 in pigs fed according to a 3P, MPG or MPI feeding systems, respectively. Feeding pigs individually with daily tailored diets reduced in relation to tailored 3P systems by 8% the cost of the consumed feed.
Conclusions and perspectives
Feeding growing pigs individually with daily tailored diets, whose formulation is based on each animal real-time patterns of feed intake and growth, is a key element of the sustainable precision pig farming system approach proposed in this document and described elsewhere . To feed individual pigs with daily tailored diets, nutrient requirements have to be estimated in real-time using the available information in the farm, which in the context of farms equipped with precision feeding systems, as those used in the described experiments, will be daily feed intake and body weight. The real-time estimation of individual pig nutrient requirements based on each pig patterns of feed intake and growth represents a fundamental paradigm shift in pig nutrition since nutrient requirements are no longer a population attribute estimated from past data as used in actual models (e.g., van Milgen et al., 2008; NRC, 2012 ) but a dynamic process that evolves for each animal independently following its own feed intake and growth trajectories. These trajectories result from each animal intrinsic (i.e., appetite, genetic growth potential, physiological state, etc.) and extrinsic (i.e., ambient temperature, humidity, space allowance, group size, space feeder allowance, etc.) driving forces. In the proposed feeding approach, these forces are not explicitly represented into the model for the real-time estimation of individual nutrient requirements as they are taken into account by the empirical model component. Body protein deposition as a proportion of ADG has however been recently included into the model (Rivest et al., unpublished data) to increase model accuracy and other factor such as health status may require further attention.
Precision livestock farming is then proposed to the swine industry as an essential tool to enhance sustainability and competitiveness as described by Pomar and Pomar (2012) . For this purpose, innovative feeding systems controlled by effective decision support systems are being developed to, Feeding pigs within a herd according to their daily individual nutrient requirements to: (1) reduce feeding costs by reducing expensive (protein, phosphorous and others) excess nutrients in pig diets; (2) reduce feed fabrication, storage, management and shipping costs by using the same premixes to all farms; and (3) reduce nitrogen, phosphorous and other polluting manure constituents and thus the amount of land required for manure application.
Managing feeds and animals by advanced computerized technologies to: (1) allow real-time off-farm monitoring of feeds and animals for optimal slaughter and production strategies; (2) reduce labour requirements and costs by automatic monitoring and management of feeds and animals; and (3) allow early identification of diseases and precise application of individual treatments, thus improving herd performance and reducing veterinarian costs.
Allowing easy application of optimal production strategies in each farm to: (1) automatically manage individual feed supply (e.g., ad libitum or restricted feeding) and composition (e.g., providing higher levels of phosphorous to future reproduction gilts, limiting or enhancing fatness to market pigs, etc.) to manipulate growth rate and composition of each pig to address specific production or target markets; (2) facilitate the evaluation of new feeds and feed sub products; and (3) facilitate the determination of nutrient requirements.
The actual automatic and intelligent precision feeder (AIPF) has been developed by the University of Lleida, Spain and Agriculture and Agri-Food Canada at Sherbrooke, Québec, in collaboration with several worldwide universities and research institutions and financed by Spanish and Canadian institutions. Actual ongoing projects supported by Canadian Swine Research and Development Cluster initiative have been planned to perform the required animal studies to optimize the formulation of premixes, to develop numerical strategies for early identification of changes in individual feed intake patterns, to update and calibrate the actual model used for real-time prediction of amino acid and phosphorous requirements and evaluate the technical, economical and environmental impact of precision feeding in Canadian commercial farms some of which results have been summarized in this document. Besides the refinement of the feeders and concepts used for individual precision feeding, this technology will be implemented and validated in commercial facilities in the coming year.
